A major dose-limiting side effect associated with cancer-treating antineoplastic drugs is the development of neuropathic pain, which is not readily relieved by available analgesics. A better understanding of the mechanisms that underlie pain generation has potential to provide targets for prophylactic management of chemotherapy pain. Here, we delineate a pathway for pain that is induced by the chemotherapeutic drug vincristine sulfate (VCR). In a murine model of chemotherapy-induced allodynia, VCR treatment induced upregulation of endothelial cell adhesion properties, resulting in the infiltration of circulating CX3CR1 + monocytes into the sciatic nerve. At the endothelial-nerve interface, CX3CR1 + monocytes were activated by the chemokine CX3CL1 (also known as fractalkine [FKN]), which promoted production of reactive oxygen species that in turn activated the receptor TRPA1 in sensory neurons and evoked the pain response. Furthermore, mice lacking CX3CR1 exhibited a delay in the development of allodynia following VCR administration. Together, our data suggest that CX3CR1 antagonists and inhibition of FKN proteolytic shedding, possibly by targeting ADAM10/17 and/or cathepsin S, have potential as peripheral approaches for the prophylactic treatment of chemotherapy-induced pain.
Introduction
As our ability to manage the immune and myelosuppression that occurs during cancer treatment with antineoplastic drugs has improved, a secondary dose-limiting side effect of these compounds has been revealed: neurotoxicity (1) . Several antineoplastic drugs, including the vinca alkaloids, are able to cause a distal, bilateral, and symmetrical peripheral neuropathy primarily affecting the longest neurons of the extremities, at which they can cross the nerve-blood barrier (2) . The neurotoxicity is dependent on cumulative dose protocols, and the severity and progression of the neuropathy correlates with the duration of the treatment. Neuropathy has been reported in an excess of 85% of patients (3) and is the cause of chemotherapy cessation in between 20% (4) and 40% (5) of this population. Pain is the key symptom of this condition and rated as a 7 of 10 in severity by patients (4) who assigned "throbbing," "sharp," and "burning" properties to the pain (6) . For those who are able to complete their chemotherapy treatment, pain remains poorly controlled by available analgesics (6) , thus prompting preclinical studies aimed at understand the mechanisms underlying the neurotoxicity and its associated pain (7) .
Current animal models have begun to approximate to the human condition, including the development of mechanical allodynia and hyperalgesia and cold allodynia -but not heat sensitivity -which can be prevented/reversed by antiepileptic drugs (8, 9) . In the preclinical setting, the primary aim is to characterize the initial mechanisms for sensory neuron activation to enable the identification of new therapeutic targets for prophylactic treatment of chemotherapy-induced pain. While several chemother-apeutic agents cause often painful neuropathy, the mechanisms underlying the development of pain might be specific to a class of drug. These drugs share tropism toward peripheral nerves where they can cause axonal damage. Such damage has, however, proved challenging to reproduce in animal models, though the presence of macrophages in peripheral nerves during chemotherapy treatments is suggestive of the occurrence of some degree of injury (10) .
Here, we have used a mouse model of chemotherapy-induced allodynia. Specifically, we caused dose-dependent cumulative toxicity using multiple administrations of vincristine sulfate (VCR) to model cancer treatment protocols used in the clinic (11) . Peripheral sensory neurons are more susceptible to VCR toxicity than CNS neurons, due to the low activity of P-glycoprotein transporter at the blood-nerve barrier (2) . VCR is a substrate for P-glycoprotein, which efficiently limits drug distribution into the brain, where the transporter activity level is high. P-glycoprotein is, however, less efficient in interfering with VCR entry into the peripheral nerves, where the occurrence of macrophage infiltration and release of pronociceptive cytokines indicate local inflammatory damage following VCR administration (12, 13) . We show that VCR-induced allodynia is mediated by circulating monocytes, which infiltrate peripheral nerves, and that the control of monocyte-macrophage trafficking and activation may provide preemptive management of vincristine-induced pain.
Figure 1
Vincristine treatment induces mechanical allodynia and macrophage infiltration in the sciatic nerve. (A) Development of mechanical allodynia following VCR administration at 0.5 mg/kg/d i.p. for 2 cycles of 5 days each (days 0-4 and 7-11; black horizontal bars) (total dose 125 μg per mouse). Data are expressed as 50% of paw withdrawal thresholds (mean ± SEM; saline vehicle group, n = 8 mice; VCR group, n = 12 mice [day 24, n = 6]). ***P < 0.001 compared to baseline thresholds (B), ### P < 0.001 compared saline-treated thresholds, 2-way RM ANOVA, post-hoc Holm-Sidak test. (B) Significant monocyte-macrophage infiltration of the sciatic nerve during and after VCR cycles. The number of F4/80 + cells was counted in 10 4 μm 2 boxes in sciatic nerve segments (mean ± SEM, n = 4 mice). ***P < 0.001 compared to saline control, 1- statistical significance 24 hours after the first VCR injection. The hypersensitivity was well established following completion of the first cycle (day 4), maintained through the second cycle (day 7-11), and persisted for 6 days after completion of the second cycle (day 17). The mechanical hypersensitivity then gradually recovered and thresholds reached baseline values by 24 days after the first VCR administration ( Figure 1A) , resembling the recovery seen in many patients in the clinic (1) .
The lumbar dorsal root ganglia (DRG) obtained after completion of either the first VCR cycle (day 4) or the second VCR cycle (day 11) showed a nuclear ATF3 expression, which was comparable to that of control ganglia (percentage of cell bodies ATF3 + per total counts ± SEM: saline, 0.7 ± 0.2; day 4 VCR, 1.9 ± 0.4; day 10 VCR, 1.6 ± 0.4; Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI71389DS1), providing no evidence for discernible peripheral axon damage following cumulative VCR dosing of 125 μg/25 g mouse, as similarly reported for paclitaxel-and oxaliplatin-induced neuropathies (14) . Likewise, quantification of the intradermal nerve fiber density in the glabrous skin of the hind paw on VCR days 1, 4, 11, and 17 did not demonstrate significant alterations in density from the approximately 45 fibers per mm observed in control skin samples (Supplemental Figure 2 ), as reported previously (13) . However, the number of monocyte-macrophages in the DRG was increased by approximately 60% following VCR treatment compared with that after saline control treatment (number of F4/80 + cells per 10 4 μm 2 : saline group, 4.2 ± 0.11; VCR day 4 [first cycle], 6.48 ± 0.15, P < 0.001; VCR day 10 [second cycle], 6.21 ± 0.16, P < 0.001; Supplemental Figure 3 ).
More significantly, in peripheral sciatic nerve sections, the monocyte-macrophage numbers were increased by 100% in VCRexposed nerves compared with control nerves as soon as 24 hours after the first VCR injection (day 1; Figure 1B ). The number of F4/80 + cells increased gradually during and after the VCR first cycle (days 3 and 5; Figure 1 , B and C) and was still significantly high at the end of the second cycle (day 11; Figure 1B ). This was sustained for a few days after VCR treatment (day 14; Figure  1B ), before cell numbers returned to control values by 2 weeks after completion of VCR cycles (day 24) ( Figure 1B ). Conversely, infiltration of neutrophils (MPO + cells) into the nerve was not observed (Supplemental Figure 4 ). FACS analysis of whole blood samples demonstrated no change in monocyte populations in VCR-and saline-treated mice (Supplemental Figure 5 ). However, as reported in clinical settings (15) , VCR induced marked neutropenia, which was evident from the significant reduction in Gr-1 hi GFPcells at days 1 and 4 after VCR commencement (Supplemental Figure 5 ). In contrast to monocyte-macrophages in the peripheral nerve, both the morphology and number of microglial cells in the lumbar dorsal horn were no different from those of saline-treated controls during and after the first cycle (days 1, 3, and 5; Figure 1D ), at the end of the second cycle (day 11 and 14; Figure 1 , D and E), and 2 weeks after termination of VCR treatment (day 24; Figure 1D ), confirming that microglia, the macrophages of the CNS parenchyma (16) , do not respond to chemoneuropathy (17, 18) .
These data demonstrate that VCR administration is associated with peripheral macrophage infiltration of the sciatic nerve, but neither discernible neuronal stress nor microglial activation in the spinal cord, with the pattern of macrophage infiltration following the same temporal profile as behavioral allodynia.
VCR-induced allodynia and monocytes/macrophage depletion.
To test whether the infiltration of monocyte-macrophages into the sciatic nerve contributes to the development of VCR-induced allodynia, we transiently depleted mice of these leukocytes by 2 administrations of liposome-encapsulated clodronate (LCL) 3 and 1 days before the commencement of the first VCR cycle. We have shown previously that LCL administration results in antihyperalgesic effect in neuropathic animals and concomitant decrease in spleen macrophages and macrophages infiltrating injured nerves for up to 4 days after treatment (19) . Here, using FACS analysis of whole blood samples, we quantified the depletion of blood monocytes after 2 LCL administrations and found it to be significant both after LCL treatment alone and after the commencement of VCR treatment subsequent to LCL administration (Supplemental Figure 6) .
In contrast to control mice, for which mechanical thresholds gradually decreased with daily VCR dosing, the thresholds of LCL-treated mice remained unaltered for up to 4 injections of VCR (day 3) and started to decrease significantly only after the fifth dose of VCR (day 4) to levels that were still higher than those in vehicle-treated mice (Figure 2A ). Thresholds became comparable between the control and LCL groups after completion of the first VCR cycle (day 5) and during the second VCR cycle (days 7-11) ( Figure 2A ). In concordance with a significant prevention of VCR-induced allodynia, the LCL treatment prevented the accumulation of monocyte-macrophages in the sciatic nerve by the end of the first VCR cycle (day 4) as expected ( Figure 2 , B and C). However, these cells significantly populated the nerve by the end of the second cycle (day 11) ( Figure 2 , B and D). This suggests that monocyte-macrophages that invade the sciatic nerve following VCR administration play a critical role in the generation of allodynia following VCR treatment.
VCR-induced allodynia and CX3CR1 monocytes. Mouse monocytes include a population of cells (Ly6C lo [Gr-1 -]CX3CR1 hi ), which is relatively long-lived and patrols the vessel wall, and a "classical" Ly6C hi (Gr-1 + )CX3CR1 int monocyte population, which is short-lived and rapidly recruited to sites of inflammation (20) (21) (22) . The physical interaction of CX3CR1 with transmembrane CX3CL1 (also known as fractalkine [FKN]) expressed on endothelial cells is proposed to promote cell survival and leukocyte adhesion in a Giα protein-independent fashion (23) . In contrast, ADAM10 or ADAM17 sheddase activity is required for the transmigration of adherent leukocytes through the endothelium (24) . The myeloid infiltrate observed in the sciatic nerves of VCR-treated animals is likely to derive from Ly6C hi (Gr-1 + )CX3CR1 int monocyte increase and could release pronociceptive mediators that activate sensory neurons.
We evaluated the development of VCR-induced allodynia and monocyte-macrophage infiltration in the sciatic nerves of Cx3cr1-deficient mice (referred to as KO mice throughout). In contrast to WT (littermate control) mice, in which mechanical thresholds gradually decreased following daily VCR administration, reaching a severe allodynia by the fourth injection (day 3), KO thresholds remained unchanged for the duration of the first VCR cycle (days 0-4). Thresholds in the KO mice dropped 24 hours after completion of the first cycle (day 5) and were as low those as in WT during the second VCR cycle (days 7-11) ( Figure  3A ). Therefore, although KO mice did develop severe mechanical hypersensitivity following systemic administration of VCR, it was significantly delayed compared with that of WT mice. In the sciatic nerves of KO mice, the number of F4/80 + cells remained unaltered following the first VCR cycle (day 4) in contrast to the increased number of monocyte-macrophages in WT mice ( Figure 3 , B and C). However, on day 5, when allodynia was apparent, the number of F4/80 + cells in the sciatic nerves of KO mice had increased significantly ( Figure 3C ). Furthermore, by the end of the second VCR cycle (day 11) when severe allodynia was present in both genotypes, the number of F4/80 + cells in the nerves of KO mice remained significantly increased ( Figure 3 , B and C). In KO mice, the numbers of Ly6C lo (Gr-1 -) monocytes are reduced to 30% and absence of CX3CR1 receptor could also interfere with the survival of macrophages once they are generated from monocytes (23) . Our data
Figure 2
Macrophage depletion prevents vincristine-induced allodynia. (A) LCL pretreatment prevents the development of VCR-induced allodynia. LCL (arrows; two 100 μl/10 g injections of 5 mg/ml LCL in PBS i.p.) was injected on day 3 and 1 before VCR (0.5 mg/kg/d i.p. from day 0 to 4; black horizontal bars). Data are expressed as 50% of paw withdrawal thresholds (mean ± SEM) (first VCR cycle, n = 9-11 mice; second VCR cycle, n = 4-6 mice). ***P < 0.001 compared to baseline thresholds, ### P < 0.001 compared to saline vehicle, † † † P < 0.001 compared to PBS+VCR, 2-way RM ANOVA, post-hoc Holm-Sidak test. (B) Representative photomicrographs demonstrating that LCL prevents monocyte-macrophage (F4/80 + cell) infiltration in the sciatic nerve by the end of the first VCR cycle (days 0-4) but not the second VCR cycle (days 7-11). Scale bar: 200 μm.
(C and D) The number of F4/80 + cells was counted in 10 4 μm 2 boxes in sciatic nerve segments (mean ± SEM, n = 4 mice per group). ***P < 0.001, 1-way ANOVA, post-hoc Tukey test.
suggest that the presence of the CX3CR1-expressing monocyte/ macrophages population in the sciatic nerve is critical for the initial development of VCR allodynia.
The analysis of CX3CR1-expressing cells in the sciatic nerves of Cx3cr1 gpf/+ mice, in which the CX3CR1 receptor is tagged with green fluorescent protein, revealed that both GFP + and F4/80 + cells were present in higher numbers following VCR treatment compared with that after saline treatment ( Figure 4, A and B) . Specifically, the number of F4/80 + cells increased 24 hours after VCR and remained significantly high following each of the 2 VCR cycles ( Figure 4 , A and B). A similar pattern of expression was observed using CD68 as a cell-specific marker (Supplemental Figure 7) . However, the GFP + cell number peaked 24 hours after the first VCR injection, was slightly reduced at the end of the first VCR cycle, and was significantly lower by the end of the second cycle ( Figure 4 , A and B). These data indicate that CX3CR1 monocytes populate the sciatic nerve immediately after the VCR treatment starts and during the first cycle but that they are less numerous afterward. Accordingly, VCR-induced allodynia did not manifest until the end of the first cycle in KO mice. As these mice showed no difference in dorsal horn microglial response compared with that of microglia from WT mice after 2 VCR cycles (Supplemental Figure 8 ), we can exclude the engagement of CX3CR1 microglial cells in response to VCR treatment. Therefore, even though the CX3CR1 receptor is also expressed by microglia in the CNS and activation of microglial CX3CR1 by neuronal FKN mediates pain facilitation in the spinal cord after peripheral nerve damage (25), centrally located CX3CR1 receptors are not likely to be involved in VCR-induced allodynia.
Chemotherapeutic agents, including VCR, generally cause endothelial dysfunction (26) and, while showing tropism to peripheral sensory nerves, systemic VCR is likely to influence monocyte trafficking in other organs. Thus, in order to examine potential modulatory effects of VCR on monocyte-macrophage trafficking and/or phenotype, we characterized peritoneal cells after the first VCR cycle. While Gr-1 -F4/80 + cells were detected in the peritoneal cavity of saline-treated mice, a prominent Gr-1 + F4/80 + monocyte infiltrate was observed in VCR-treated animals ( Figure 4 , C and D). When relative percentages of Gr-1 -F4/80 + and Gr-1 + F4/80 + cells were quantified, a remarkable increase (∼20fold) in the latter population was measured in the VCR group (Figure 4D ). The shift in the Gr-1-expressing monocyte-macrophage population induced by VCR treatment was also evident when Cx3cr1 gfp/+ mice were used, with an approximately 3-fold increase in Gr-1 + cells ( Figure 4E ). These changes in relative percentages denote elevated numbers in the specific Gr-1 + cell population, since the total number of peritoneal monocyte-macrophages was markedly elevated by treatment with VCR both in WT (from 3 × 10 6 ± 0.5 × 10 6 to 5.4 × 10 6 ± 0.4 × 10 6 cells in vehicle and VCR groups; n = 3, P < 0.01) and Cx3cr1 gfp/+ mice (from 4.5 × 10 6 ± 0.5 × 10 6 to 9.9 × 10 6 ± 1.6 × 10 6 cells in vehicle and VCR groups; n = 3, P < 0.01, Student's t test).
Our data up to this point form two key suggestions. First, CX3CR1 + monocytes invade the sciatic nerve in concomitance to VCR-induced allodynia. Second, similarly to peritoneal Gr-1monocytes, which shift toward a proinflammatory Gr-1 + type during VCR treatment, in the sciatic nerve infiltrating monocyte-macrophages might promote inflammation and pain. Therefore, in the next two series of experiments, we investigated the underlying mechanisms for VCR-induced endothelial adhesion and transmigration of monocytes. We then evaluated whether monocyte-macrophages produce pronociceptive factors in a CX3CR1-dependent fashion. as 50% paw withdrawal thresholds (mean ± SEM, n = 7 mice per VCR groups; n = 6 per saline group). ***P < 0.001 compared to baseline thresholds, ### P < 0.001 compared to vehicle treated, † † † P < 0.001 compared to WT VCR, 2-way RM ANOVA, post-hoc Holm-Sidak. (E) Allodynia index calculated as AUC from 0 to 24 days (ALL TIME); 0 to 4 days (First CYCLE); 7 to 11 days (Second CYCLE); 12 to 24 days (Recovery). Smaller area AUC represents greater allodynia (mean ± SEM, n = 7 mice per VCR groups, n = 6 mice per saline group). ### P < 0.001 compared to vehicle treated, † † † P < 0.001 compared to WT VCR treatment, 1-way ANOVA, post-hoc Holm-Sidak.
VCR and endothelial cells. We evaluated whether VCR can activate endothelial cells and quantified expression of selected adhesion molecules. We focused on ICAM-1 (CD54) and VCAM-1 (CD106), which are 2 integrin-binding endothelial cell adhesion molecules that play a fundamental role in the processes of monocyte intravascular crawling, firm adhesion to postcapillary venules, and migration in the subendothelial space (27) (28) (29) (30) . Incubation of primary HUVECs with VCR (10 nM) induced a significant increase of VCAM-1 + CD31 + cells ( Figure 5, A and B) , as quantified at 18 hours by flow cytometry, with over a 3-fold increase over basal expression. No effects were observed at 4 hours (data not shown). Since ICAM-1 and CD31 (PECAM-1) are expressed by virtually all HUVECs, we measured expression of these adhesion molecules at the single cell level. Incubation of HUVECs with VCR produced a trend toward an increase in ICAM-1 expression on the cell surface, which was associated with a modest yet significant reduction (∼20%) in CD31 expression ( Figure 5C ). The positive control, TNF-α, produced a marked increase in VCAM-1 + CD31 + cells and ICAM-1 expression as well as a significant reduction in CD31 expression. We were not able to detect Collectively, these data indicate that VCR and TNF-α promote endothelial cell activation, albeit to a varying extent and with distinct profiles, and provide a mechanism by which VCR could facilitate endothelial-dependent trafficking of monocytes in the nerve.
Despite not being modulated by VCR, endothelial-bound FKN can contribute to the recruitment of circulating CX3CR1 monocytes (24) . However, a more relevant function is likely to be played by shed FKN, proteolytically cleaved by ADAM10/17 or cathepsin S, which has been shown to promote transendothelial migration of CX3CR1 monocytes and proinflammatory monocyte activity in vascular diseases (24, 32) .
CX3CR1-mediated ROS production and activation of neuronal TRPA1. In order to evaluate whether monocyte-macrophages produce pronociceptive mediators, we tested whether shed FKN induced production of pronociceptive reactive oxygen species (ROS), known to activate TRPA1 channels on the terminals of sensory neurons in sciatic nerve and evoke a pain response (33) (34) (35) . Oxidative stress occurs during chemotherapy treatment, and TRPA1 receptors are an attractive pain target, as their antagonists attenuate established chemotherapy-induced mechanical and thermal hypersensitivity (36) (37) (38) . Here, we observed that systemic treatment with the antioxidant acetyl-l-carnitine during the first VCR cycle significantly attenuated the development of allodynia by approximately 50% (Figure 6A ), confirming the role of oxidative stress in the VCR model. Furthermore, treatment of macrophages with FKN at 200 ng/ml, but not 100 or 50 ng/ml (data not shown), induced rapid production of ROS that reached significance after 12 minutes of incubation ( Figure 6, B and C) . The effect of FKN was absent in KO macrophages ( Figure 6 , B and C), confirming the requirement of CX3CR1 receptor activation. The positive control phorbol 12-myristate 13-acetate (PMA) triggered ROS production to a similar extent to FKN at 12 minutes, yet the effect of PMA was sustained (up to 20 minutes) and consistent in both WT and KO macrophages (data not shown). Interestingly, the number of macrophages in the peritoneal wash of the KO mice (9 × 10 6 ± 1.2 × 10 6 ) was significant lower than that in WT mice (13.7 × 10 6 ± 0.7 × 10 6 ; n = 3 mice per group, P < 0.05, Student's t test), supporting the evidence that the CX3CR1 receptor affords nonredundant survival signals in these cells (23) .
In the sciatic nerve, FKN-induced production of ROS from CX3CR1-expressing macrophages in the vicinity of sensory axons could result in a pronociceptive effect through the activation of TRPA1 receptors that are functionally located at axonal level (39) (40) (41) . Thus, we demonstrated that 2 TRPA1 antagonists, AP-18 and A967079, repeatedly administered during the first VCR cycle, significantly prevented the development of VCR-induced allodynia by approximately 20% (Supplemental Figure 9 ). We then evaluated the profile of VCR-induced allodynia in Trpa1 KO mice. We observed that Trpa1 KO thresholds decreased following daily VCR administration but to a lesser extent than WT thresholds during the first VCR cycle (days 0-4), the 2-day pause period (days 5-7), and the second cycle (days 7-11) ( Figure 6 , D and E). In addition, the absence of TRPA1 resulted in faster recovery of thresholds after VCR withdrawal (days 12-24) ( Figure 6 , D and E). These data suggest that TRPA1 activation in peripheral nerves contributes to the development and, more significantly, to the maintenance of VCR-induced allodynia and TRPA1 channels are plausible candidates for mediating ROS pronociceptive effects.
Discussion
In this study, we have shown that VCR-induced allodynia is the result of a cascade of events, which start with an alteration in endothelial cell adhesion properties that promotes CX3CR1expressing monocyte/macrophage trafficking into peripheral nerves. The recruitment of monocyte-macrophages and the activation of CX3CR1 receptor by endothelial FKN result in pronociceptive effects mediated by production of ROS and activation of TRPA1 channels in sensory neurons (Figure 7 ).
Our key observation in behavioral studies is that mice lacking the CX3CR1 receptor as well as a significant number of macrophages, as the absence of CX3CR1 could also hinder their survival, are refractory to the development of allodynia during the first of 2 VCR cycles. In addition, transient depletion of monocyte-macrophages by administration of LCL results in a similar delay in the development of allodynia during the first VCR cycle. This treatment is associated with up to 90% loss of both blood monocytes and splenic macrophages for 3 days and recovery of cell numbers after 8 days (19) . Since all monocytes express CX3CR1 receptors, these observations indicate that CX3CR1-expressing monocyte-macrophages play a critical role in initiating VCR-induced neurotoxicity and pain.
Cancer treatment with chemotherapeutic agents is associated with peripheral neurotoxicity, which, although due to different mechanisms, remains a dose-limiting side effect for all agents. The incidence of neurotoxicity is variable and around 60% for VCR, which is used primarily for the treatment of hematological tumors. The mechanisms of neurotoxicity remain to be established. However, VCR, being a tubulin binder and microtubule inhibitor, induces disruption of axonal flow and distal axonopathy of the longest peripheral nerves in patients (1, 2, 42) . Similarly, the mechanisms underlying pain development during cancer treatment are largely elusive. Preclinical models of cancer chemotherapy-induced neuropathies provide evidence for the development of mechanical and cold allodynia and some delayed loss of intraepidermal nerve fibers in the plantar skin of the rat hind paw (14) but neither peripheral nerve degeneration nor neuronal stress (9) . Here, we observed no evidence of a loss of intraepidermal nerve fibers in the VCR mouse model, in line with previous observations (13) . However, the infiltration of monocyte-macrophages into the nerve may be indicative of a subtle triggering event, occurring locally in the nerve, which remains to be defined. Sensory but not motor axons show slowed conduction velocities, and, in the spinal cord, central sensitization occurs with no concomitant microglial response (17, 18) . Accordingly, we provide no evidence for sensory neuron damage and microglial activation in the dorsal horn following administration of VCR. Both the absence of microglial response and neuronal degeneration differentiate chemotherapy-induced allodynia from nerve-injury induced allodynia, which is associated with significant contribution of microglial-neuronal feedback to the chronicity of pain. Another intriguing observation is that, while microglial CX3CR1 receptors contribute to nerve injury-induced allodynia (25) , centrally located CX3CR1 receptors are unlikely to participate to VCR-induced allodynia. Therefore, we can rule out a role for central CX3CR1 in VCR-induced allodynia and focus on the CX3CR1-expressing cells in the periphery, the monocyte-macrophage.
We observed that CX3CR1-GFP cells infiltrated the sciatic nerve as early as 24 hours after VCR administration and then their number gradually decreased by the end of the first VCR cycles. However, the number of GFP + F4/80 + cells in the sciatic nerve remained unchanged over the 2 VCR cycles. A plausible explanation is that the GFP + cells are Ly6C hi (Gr-1 + )CX 3 CR1 int monocytes, which are recruited to the sciatic nerve within 24 hours from VCR administration. Such a setting in the sciatic nerve would resemble Ly6C hi (Gr-1 + ) monocyte integration into the peritoneal macrophage pool, which occurs under inflammatory conditions (22) . Moreover, the observed gradual decrease in GFP + population but constant presence of F4/80 + cells throughout VCR treatment can be explained by the maturation of monocytes into macrophages, which are known to lose CX3CR1 expression but remain F4/80 + . In addition to the presence and absence of CX3CR1 expression, we provide evidence that infiltrating macrophages following VCR treatment can acquire a proinflammatory Gr-1 + phenotype. This observation leads to the suggestion that monocyte-macrophages infiltrating the sciatic nerve can produce pronociceptive factors, which can activate neurons and evoke pain. Thus, at least initially, VCR administration does not cause detectable neuronal damage, but change is likely to occur within the microenvironment, inciting immune cell intervention, which mediates neuronal activation.
Figure 7
Novel pathway for vincristine-induced allodynia. VCR induces the expression of selected adhesion molecules, which promote monocyte trafficking (i). CX3CR1 monocyte-macrophages are recruited in the sciatic nerve following the same temporal pattern as VCR-induced allodynia (ii). Existing evidence suggests that CX3CR1 receptor interaction with endothelial-bound FKN results in transmigration of proinflammatory monocytes. Furthermore, FKN interaction with CX3CR1 in monocyte-macrophages promotes the formation of ROS (iii), which activate the TRPA1 channel in sensory neurons and evoke pain (iv). mission. Specifically, FKN, released by endothelial cells following proteolytic cleavage, is known to elicit CX3CR1 monocyte transmigration toward a subtly damaged neuronal axon, is able to promote production of pronociceptive ROS mediators, which constitute the endogenous ligands for the TRPA1 receptors expressed by nociceptive neurons. Altogether, these results support the proposal that TRPA1 antagonists would be beneficial in the treatment of chemotherapy-induced pain by reducing the severity of pain and accelerating its recovery.
The novelty of our study is in providing new therapeutic cues for the prophylactic treatment of chemotherapy-induced painful neuropathy, which can be considered an "orphan condition" if one considers the lack of valid therapeutic options. We suggest that CX3CR1 receptor antagonists and blockade of endothelial FKN solubilization by ADAM10/17 and/or cathepsin S inhibitors constitute new targets for pain prophylaxis in chemotherapy treatments. Relevantly, the first-in-class generation of CX3CR1 antagonists has been reported recently, and they include both brain and non-brain penetrant molecules for future pharmacological characterization (45) . We are aware that the CX3CR1 receptor is expressed by cells other than macrophages, including dendritic cells and lymphocytes. CX3CR1 deficiency in the KO mice is associated with enhanced susceptibility to Salmonella typhimurium infection, due to reduced pathogen clearance by lamina propria dendritic cells (46) . However, CX3CR1 expression on dendritic cells remains controversial (47) , and compensatory/altered mechanisms and processes may occur in the global deficient mouse. Furthermore, it is not known whether acute inhibition of CX3CR1, using antagonists, would alter the tolerogenic environment within the small intestine. However, pharmacological inhibition of CX3CR1 with an antagonist might not necessarily be comparable to the phenotype of the knockout in terms of susceptibility to infection.
As both TRPA1 channels and CX3CR1 receptors are expressed peripherally, receptor antagonist and protease inhibitor molecules can be synthesized to be non-brain penetrant, thereby avoiding undesirable CNS effects.
Methods

Animals
Transgenic mice were produced using heterozygous breeding pairs to give litters of mixed genotypes, including KO animals, WT control animals, and heterozygous animals. For all experiments, unless otherwise stated, adult male and female mice were used (25-30 g, corresponding to 10 to 16 weeks of age). Male and female mice were found to have equivalent thresholds in all behavioral tests. C57BL/6J mice were obtained from Harlan UK.
For the production of KO animals, an original breeding stock was obtained from Taconic, where they had been generated on a C57BL/6 background, as previously described (48) . Disruption of the Cx3cr1 gene was confirmed using PCR and standard agarose gel electrophoresis with primers previously published (48) . For the production of Cx3cl1-mCherry heterozygous mice, an original breeding stock was gifted by Steffen Jung, Department of Immunology, Weizmann Institute of Science, Rehovot, Israel. The Cx3cl1-mcherry heterozygous mice were generated using a RedET recombination system to replace the first exon of the Cx3cl1 gene with a gene encoding a monomeric mCherry reporter gene and backcrossed onto a C57BL/6 background, as previously described (31) . Expression of the Cx3cl1-mCherry gene was confirmed using PCR and standard gel electrophoresis with primers previously published (31) . For the pro-We have delineated a novel mechanism by which VCR promotes the transmigration of monocytes through the endothelium by showing, in flow cytometry experiments, that VCR induces the expression of selective adhesion molecules, which promote monocyte trafficking.
Together with chemoattractants, adhesion molecules are fundamental to promote extravasation of blood-borne immune cells at sites of tissue injury. Expressed at low levels in resting endothelia, adhesion molecules -such as selectins and immunoglobulinlike proteins -are rapidly upregulated in the early phases of the inflammatory response to bind their counter-receptors on the tethered leukocyte, assuring tissue-specific recruitment (28) . VCR incubation with vascular endothelial cells provoked a significant, yet discreet when compared with the classical stimulus TNF-α, upregulation of VCAM-1 and ICAM-1. These adhesion molecules interact with β1 and β2 integrins to promote monocyte firm adhesion to postcapillary venules, migration across the endothelial wall, and locomotion into the subendothelial space (27) . Although we show that VCR does not alter the expression of membrane-bound FKN in endothelial cells, current evidence show that, if not for cell adhesion, FKN-CX3CR1 interaction is key to promoting cell transmigration (24) . Notably, shed FKN rather than membranebound FKN promotes monocyte infiltration in tissues (24) , and endothelial FKN cleavage can be performed by endothelial ADAMs (23) or by cathepsin S (32) released by monocytes (19) .
Besides promoting CX3CR1 monocyte transmigration, we show that FKN can induce transient generation of ROS by macrophages in a CX3CR1-dependent fashion. We postulate that ROS act as chemical mediator for immune-neuronal communication by activating transient receptor potential TRPA1 channels, which are functionally expressed by the axons of sensory neurons and evoke pain (33-35, 39, 40) . Specifically, application of the selective TRPA1 activator mustard oil (MO) evokes depolarizing responses in murine isolated saphenous nerve. Surprisingly, MO loses efficacy in human isolated sural nerves, but this is very likely due to nerve exposure to local anesthetic during surgery. Indeed, lidocaine desensitizes murine TRPA1 channel, thereby suggesting that this mechanism, in combination with sodium channel blockade, underlies lidocaine efficacy in treating neuropathic pain (39) . This is a plausible suggestion, as TRPA1-immunoreactive fibers are expressed in human peripheral nerves (41) . Chemotherapeutic drugs increase oxidative stress, which may result in pain hypersensitivity following activation of TRPA1 and TRPV4 channels located on sensory neurons (36, 43, 44) . Indeed, TRPV4 and TRPA1 receptor antagonists show good efficacy at preventing and attenuating oxaliplatin-and paclitaxel-induced neuropathic pain (36, 43) . We have demonstrated that both an antioxidant agent and TRPA1 antagonists could also prevent VCR-induced pain. Furthermore, we observed a pronociceptive role for TRPA1 channels in the development and maintenance of VCR administration, as mice lacking this receptor developed less severe allodynia than controls and show quicker recovery after VCR withdrawal. Therefore, our data support the idea that oxidative stress and TRPA1 activation contribute to pain generation during chemotherapy. However, we have identified the monocyte-macrophages infiltrating in the sciatic nerve as the cellular source for ROS that activate neuronal TRPA1, thereby acting as mediator of immune-neuronal communication.
We have identified a possible mechanism by which VCR neurotoxicity occurs: a local effect at the endothelial-nerve interface that involves endothelial FKN-and CX3CR1-expressing monocytes and results in significant activation of pain trans-
Immunohistochemistry
Mice, under pentobarbital anesthesia (sodium pentobarbital, 200 mg/ml [Euthatal; Merial Animal Health]), were transcardially perfused with saline solution, followed by 4% paraformaldehyde in 0.1 M phosphate buffer containing 1.5% picric acid. The lumbosacral spinal cord was exposed by laminectomy and the lumbar enlargement and L3, L4, and L5 DRG were excised. The sciatic nerves of the animal were exposed by incision midway up the thigh, and 10-to 20-mm segments were excised; plantar glabrous skin was excised from the hind paw. Tissues were post-fixed for 2 to 4 hours in the perfusion fixative before being cryoprotected in 20% sucrose in 0.1 M phosphate buffer at 4°C for a minimum of 72 hours. Following cryoprotection, tissues were embedded in optimum cutting temperature-embedding medium (OCT [VWR]) and frozen in liquid nitrogen. Tissue sections were cryostat cut (Bright Instruments) and thaw mounted onto glass microscope slides (VWR). Nerve sections were incubated for 1 hour in 3% BSA in PBS-Tx-Az (PBS containing 0.2% Triton-X [Sigma-Aldrich] and 0.1% sodium azide [Sigma-Aldrich]), before being incubated overnight with a rat anti-mouse F4/80 (1:200 [Abd Serotech]) or with a rat anti-mouse CD68 antibody (1:500 [Abcam]) and subsequently incubated for 2.5 hours with an anti-rat Alexa Fluor 546 secondary antibody (1:1,000 [Invitrogen, Molecular Probes]) to detect monocyte-macrophages. To detect neutrophils, nerve sections were incubated overnight with a rabbit anti-MPO antibody (1:50 [Abcam]) and subsequently incubated for 2.5 hours with an anti-rabbit Alexa Fluor 488 secondary antibody (1:1,000 [Invitrogen, Molecular Probes]). DRG sections were incubated overnight with rabbit anti-ATF3 (1:500 [Santa Cruz Biotechnology]) and mouse anti-BIIItubulin (1:1,000 [Promega]) primary antibodies and subsequently incubated for 2.5 hours with anti-mouse Alexa Fluor 488 (1:1,000 [Invitrogen, Molecular Probes]) and anti-rabbit Alexa Fluor 546 (1:1,000 [Invitrogen, Molecular Probes]) secondary antibodies. Alternatively, to detect monocyte-macrophages, DRG sections were incubated for 1 hour in 3% BSA in PBS-Tx-Az, before being incubated overnight with a rat anti-F4/80 (1:200 [Abd Serotech]) and mouse anti-BIIItubulin (1:1,000 [Promega]) primary antibodies and subsequently incubated for 2.5 hours with anti-rat Alexa Fluor 488 (1:1,000 [Invitrogen, Molecular Probes]) and anti-mouse Alexa Fluor 546 (1:1,000 [Invitrogen, Molecular Probes]) secondary antibodies. Spinal cord sections were incubated overnight with an anti-Iba1 primary antibody (1:1,000 [WAKO]), before incubation with an anti-rabbit Alexa Fluor 488 secondary antibody (1:1,000 [Invitrogen, Molecular Probes]) for 2.5 hours. Plantar glabrous skin sections were embedded in paraffin wax, cut in 8-μm sections, incubated with rabbit anti-PGP9.5 (1:5,000 [Ultraclone Ltd.]) overnight after citric acid heat-induced epitope retrieval, and subsequently incubated for 2.5 hours with an anti-rabbit Alexa Fluor 954 secondary antibody (1:1,000 [Invitrogen, Molecular Probes]). Slides were coverslipped with Vectashield mounting media with DAPI (Vector Laboratories) and visualized under a Zeiss Axioplan 2 fluorescent microscope and a Zeiss LSM710 confocal microscope (Zeiss). The number of positive cells for each immunohistochemical marker was determined. Three boxes measuring 2.25 × 10 4 μm 2 were spaced equally across the superficial laminae of the dorsal horn for spinal cord sections, or 7 boxes measuring 10 4 μm 2 were spaced equally across the tissue for nerve sections. The number of cells positive for the given marker was counted. In skin sections, the number of PGP9.5 + fibers crossing the basal membrane into the epidermis was determined for the entire length of the sample, and a fiber density was calculated per mm of tissue. Three tissue sections per animal were selected at random with experimental group blinded.
ROS generation
Macrophages from both WT and KO animals were seeded at 2 × 10 5 cells per well in 96-well plates (Nunc) and left to adhere in RPMI-1640 (GE Healthcare) with 10% serum at 37°C for 1 hour. Cells were washed with warm PBS (Invitrogen) and incubated with freshly prepared RPMI-1640 supplemented duction of Cx3cr1-gfp heterozygous mice, an original breeding stock was gifted by Steffen Jung. The CX3cr1-gfp heterozygous mice were generated using a CreLox recombination system to replace the first 390 bp of the Cx3cr1 gene with a GFP-neo cassette. Mice were generated on a C57BL/6 background, and expression of the GFP was confirmed using PCR and standard gel electrophoresis with primers previously published (49) . Trpa1 KO mice and WT littermates were bred from heterozygous mice provided by Kelvin Kwan and David Corey (Harvard Medical School, Boston, Massachusetts, USA) and subsequently backcrossed for 10 generations onto a C57BL/6J background.
Animal husbandry and experiments were performed in a nonsterile housing environment in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 and local animal care and use guidelines.
Animals were randomly assigned to treatment groups so that each group contained approximately equal numbers of age-matched WT and KO mice of both sexes. For all studies, the experimenter was blind to genotype and treatment.
Behavioral testing
Animals were housed individually for 1 week prior to behavioral experiments to prevent aggressive behavior. Three baseline measurements were made prior to treatment, the average of which is presented. Static mechanical withdrawal thresholds were assessed by applying von Frey filaments (Linton Instruments) to the plantar surface of the hind paw (25, 32) . Unrestrained animals were acclimatized in acrylic cubicles (8 × 5 × 10 cm) above a wire mesh for up to 60 minutes prior to testing. Calibrated von Frey filaments (0.008-1.4 g) (flexible nylon fibers of increasing diameter that exert defined levels of force) were applied to the plantar surface of the hind paw of the mouse until the fiber bent and then were held in place for 3 seconds or until the paw was withdrawn in a reflex not associated with movement or grooming. Filaments were applied alternately to the left and right hind paws. A 50% paw withdrawal threshold was calculated using the "up-down" method starting with the 0.6-g filament. If a positive response was observed, the next lower force hair was applied, and, if a negative response was observed, the next higher force hair was applied. Four subsequent hairs were then assessed according to the up-down sequence. Data are expressed as 50% paw withdrawal threshold in grams.
Vincristine treatment
VCR (Sigma-Aldrich) was dissolved in sterile saline, and 0.5 mg/kg VCR was injected into the peritoneal cavity (i.p.) using a 30-gauge needle. VCR was administered for two 5-day cycles (days 0-4 and 7-11) with a 2-day break between cycles, as previously described (11) .
Macrophage depletion
Prior to vincristine treatment, the circulating monocyte/macrophage population was depleted, as described previously (19, 50) . LCL (10 μl/g of a 5 mg/ml solution [Rooijen]) or control liposome-encapsulated PBS was administered to mice on 2 occasions, 3 and 1 days prior to VCR treatment, via injection into the peritoneal cavity with a 30-gauge needle. TRPA1 antagonists AP-18 (Tocris) and A967079 (Tocris) were suspended in ddH2O containing 0.5% methylcellulose (Sigma-Aldrich) and 0.5% Tween-80 (VWR). Antagonists (or vehicle) were administered via oral gavage (100 mg/kg) twice daily with the first administration occurring 1 hour prior to VCR administration. The antioxidant acetyl-l-carnitine (Sigma-Aldrich) was dissolved in sterile saline and administered (200 mg/kg) via injection into the peritoneal cavity with a 30-gauge needle twice daily, with the first administration occurring 1 hour prior to VCR administration. tris(hydroxymethyl)aminomethane (Sigma-Aldrich) pH 7.5; 10 mM NaF (Sigma-Aldrich); 150 mM NaCl (VWR); 1% nonyl-phenoxylpolyethoxylethanol (Sigma-Aldrich); 1 mM phenylmethanesulfonyl fluoride (Sigma-Aldrich); 1 mM Na3VO4 (Sigma-Aldrich); and 10 mg/ml proteinase inhibitor (Roche) on ice for 30 minutes. The plates were scraped and the lysates collected. These were then centrifuged at 100,000 g for 15 minutes at 4°C, and the supernatant was collected. Protein concentration of samples was determined using a BCA protein assay (Pierce). 25 μg protein was loaded per lane and separated on a 12% SDS-PAGE gel. After transfer, the blots were incubated overnight at 4°C with a polyclonal goat anti-human FKN antibody (1:500 [R&D Systems]), before being further incubated with a HRP-conjugated secondary antibody (anti-goat HRP, 1:2,000 [DAKO]) at room temperature for 1 hour. The blots were visualized by development with ECL solution (GE Healthcare) and exposed to Hyperfilm (GE Healthcare). The blots were then stripped of their initial antibody probe by incubation in TBS-T containing 1% SDS and 0.1% β-mercaptoethanol for 30 minutes at 60°C and reprobed for the loading control GAPDH, using a polyclonal rabbit anti-GAPDH antibody (1:1,000 [Sigma-Aldrich]). The blot was then incubated with an anti-rabbit HRP-conjugated secondary antibody (1:2,000 [DAKO]) and developed as before. The intensity of bands on the blots was analyzed using Bio-Rad's Quantity One software.
TRPA1 antagonist/antioxidant treatment
Statistics
All data were analyzed using SigmaPlot 12.0 (Systat Software Inc.). Behavioral data were analyzed by repeated-measures (RM) 2-way ANOVA, followed by Holm-Sidak test. Immunohistochemical and flow cytometric data were analyzed by 1-way ANOVA, followed by Tukey test. ROS production data were analyzed by 2-way ANOVA, followed by Bonferroni test. All data are shown as mean ± SEM, and data were considered significant where P < 0.05.
Study approval
All studies were carried out with appropriate ethical approval. Animal studies were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986 and local care and use guidelines. Approval for these studies was provided by King's Animal Welfare and Ethical Review Body, London, United Kingdom. The use of HUVECs for in vitro studies was approved by the East London and The City Local Research Ethics Committee (REC Ref 06/Q0605/40 ELCHA), London, United Kingdom. with 10% serum containing 60 μM luminol (Sigma-Aldrich). Macrophages were then treated with either PMA (100 ng/ml [Sigma-Aldrich]) or FKN (200 ng/ml) (recombinant mouse FKN chemokine aa 25-105, R&D Systems). This concentration was chosen from pilot experiments with a 0.2-to 200-ng/ml range and found to be consistently active. Following addition of treatments, ROS detection was read on a Novostar plate reader (BMG Labtech) at 37°C. In separate experiments, 1 × 10 6 peritoneal macrophages from either colony were treated with or without 200 ng/ml FKN plus 5 μM H2DCFDA (dichlorofluorescin diacetate [Life Technologies]) for 10 minutes. Cells were subsequently washed and intracellular ROS generation was detected on a Novostar plate reader (BMG Labtech).
Monocyte, macrophage, and endothelial cell analyses by flow cytometry
All conjugated antibodies were obtained from eBioscience (Hatfield), unless otherwise stated.
Monocyte phenotype. Following cardiac puncture under anesthesia, whole blood aliquots (100 μl) from Cx3cr1 gfp/+ animals treated with 0.5 mg/kg VCR for 1 to 11 days were stained with APC-conjugated Gr-1 (clone RB6-8C5); flow cytometry analyses allowed identification of the leukocyte populations, and, following a gating strategy based on side and forward scatter profiles, fluorescence in the blue channel (APC) and green channel (GFP) was acquired to quantify Gr-1 + GFPand Gr-1 + GFP + cell populations.
Macrophage phenotype. Macrophages from WT mice were stained with FITC-conjugated Gr-1 (clone RB6-8C5) and APC-conjugated F4/80 (clone BM8). Macrophages from Cx3cr1 gfp/+ mice were stained with APC-conjugated Gr-1. Additional cells were labeled with appropriate isotype controls. For the staining procedure, 1 × 10 6 cells labeled with above conjugated antibodies were incubated on ice for 30 minutes. Cells were then washed twice with PBS containing 1.5% BSA and resuspended prior to analysis by flow cytometry.
HUVEC phenotype. Use of HUVECs was approved by the East London and The City Local Research Ethics Committee (REC Ref 06/Q0605/40 ELCHA). Briefly, cells were seeded into 12-well plates coated with gelatin and left in DMEM 10% FCS overnight to reach confluence. HUVECs were then stimulated with either 10 ng/ml human TNF-α or 10 nM VCR for 18 hours. These parameters were chosen on pilot experiments, with VCR 100 nM and an incubation time of 4 hours yielding insufficient HUVEC activation. Following culture, cells were gently trypsinized, resuspended in complete Medium-199 (GE Healthcare), washed, and stained with PE-conjugated ICAM-1 (clone HA58), FITC-conjugated VCAM-1 (AbD Serotec, clone 1.G11B1), or PE-conjugated CD31 (Biolegend, clone WB59) plus appropriate isotype controls. Cells were incubated on ice for 30 minutes and then washed twice with PBS containing 1.5% BSA and resuspended for analysis on the flow cytometer. In all cases, 20,000 events were acquired by using a FACSCalibur flow cytometer (Becton Dickinson) and analyzed using FlowJo analysis software (version 9.4.1.1, Treestar Inc.). FKN Western blotting. A primary HUVEC line was obtained from HPA cultures. Cells were maintained in DMEM containing 40% HAM-12, 20% FBS, 1% penicillin/streptomycin (all Invitrogen) and containing 50 mg heparin (Sigma-Aldrich) and 25 mg EC mitogen (AbD Serotec) per liter.
For experiments, cells were grown to confluency on 6-well plates (Nunc) before being treated with VCR 10 nM in serum-free media. Protein lysates were collected by incubating the cells in lysis buffer consisting of 20 mM
